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permeation mechanism resolved at atomic scale is that through aquaporins. Crystallization of the Vibrio parahaemolyticus
sodium-galactose transporter (vSGLT) allows investigation of putative water permeation pathways through both vSGLT and
the homologous human Na-glucose cotransporter (hSGLT1) using computational methods. Grand canonical Monte Carlo
and molecular dynamics simulations were used to stably insert water molecules in both proteins, showing the presence of a
water-filled pathway composed of ~100 water molecules. This provides a structural basis for passive water permeation that
is difficult to reconcile with the water cotransport hypothesis. Potential-of-mean-force calculations of water going through the
crystal structure of vSGLT shows a single barrier of 7.7 kCal mol1, in agreement with previously published experimental
data for cotransporters of the SGLT family. Electrophysiological and volumetric experiments performed on hSGLT1-expressing
Xenopus oocytes showed that the passive permeation pathway exists in different conformational states. In particular, experi-
mental conditions that aim to mimic the conformation of the crystal structure displayed passive water permeability. These results
provide groundwork for understanding the structural basis of cotransporter water permeability.INTRODUCTIONWater transport across biological membranes is one of the
most basic physiological processes occurring in living cells.
In addition to simple diffusion through the lipid bilayer and
facilitated transport through aquaporins, a number of mem-
brane proteins that transport other substrates were also
shown to mediate water permeation. One of the first mea-
surements of transporter-related water permeation across
glucose-facilitated transporters was published in 1989 (1).
Later, the Na/glucose cotransporter (SGLT1), which is
responsible for Na/glucose cotransport in the intestine and
in renal late proximal tubules, was also found to be water-
permeable (2,3). SGLT1 was the first cloned member of the
SLC5 gene family—a family that includes the Na-coupled
transporters for sugars, myo-inositol, monocarboxylates,
iodide, vitamins, and choline (4). Several laboratories have
reported that expressing SGLT1 in Xenopus laevis oocytes
produced a twofold increase in passive water permeability,
which returned to the level found in noninjected oocytes
upon addition of phlorizin (Pz), a specific SGLT1 inhibitor
(2,5,6). Although the passive water permeability of SGLT1
is well accepted, the ability of SGLT1 to mediate secondary
active water transport has been debated for a decade (7,8).
Based on the observation that addition of glucose to an
oocyte-expressing SGLT1 is accompanied, within 5–20 s,
by a readily detectable cell swelling, some researchers
have proposed the water cotransport hypothesis, which stip-
ulates that SGLT1 physically couples the transport of twoSubmitted April 1, 2011, and accepted for publication September 16, 2011.
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water molecules (9,10). Alternatively, we have argued that
all water transport must, in fact, be passive because a trans-
port-dependent osmotic gradient of the appropriate ampli-
tude could be detected across the oocyte membrane as soon
as 20 s after adding glucose (5,11,12). The recent crystalliza-
tion of the SGLT bacterial homologVibrio parahaemolyticus
sodium-galactose transporter (vSGLT) by Faham et al. (13)
allows investigation of the water pathway across the cotrans-
porter at a molecular level by using atomistic simulations—
helping us to resolve longstanding questions regarding the
mechanism of transporter-mediated water permeation. In
the case of vSGLT, it is worth noting that no experimental
data exist about its water permeability; this is probably due
to poor expression level in Xenopus oocytes (14).
In this article, we used homology modeling, grand canon-
icalMonte Carlo (GCMC) simulations, molecular dynamics,
and potential-of-mean-force calculations to unveil the
molecularmechanism ofwater permeation through the trans-
porter. The relevance of the identified passive permeation
pathway was then experimentally confirmed for the different
conformational states of human SGLT1 (hSGLT1) that can
be reached by changing membrane potential and external
Na concentrations.METHODS
Molecular dynamics, grand canonical Monte
Carlo and potential-of-mean-force calculations
We have performed molecular dynamics (MD), grand canonical Monte
Carlo (GCMC) simulations, and potential-of-mean force (PMF) cal-
culations to explore the existence of water permeation pathways indoi: 10.1016/j.bpj.2011.09.019
1888 Sasseville et al.two models, namely the available open-inward vSGLT crystal structure
and a homology model that we built for human SGLT1 (hSGLT1), which
shares 32% identity (60% similarity) with the amino-acid sequence of
vSGLT (13).
The starting configuration for vSGLT was taken from the x-ray coordi-
nates published by Faham et al. (13) (PDB ID: 3DH4, Chain A) and was
reoriented based on the orientation-of-membrane-proteins database, OPM
(15). An hSGLT1 homology model based on the published sequence align-
ment (13) was generated using the SCWRL web-server (16). The sequence
identity is sufficient for credible homology modeling (17,18). Furthermore,
the identity found in the TM segments that play important roles in the water
pathway is even higher, thereby ensuring the relevance of the constructed
model. The sequence identity between hSGLT1 and vSGLT is 34% and
40% for TM2 and TM6, respectively (see also Fig. 3 C).
Both protein systems were embedded in a lipid membrane using a multi-
step membrane-building procedure (CHARMM-GUI) described before
(19–21). The simulation box contained the transporter, bound sodium
ions, one substrate, and ~110 lipid molecules (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) solvated in an explicit 100 mM NaCl aqueous
solution. A snapshot of the full simulation box is shown in Fig. 1 A. All
GCMC/MD computations were carried out using CHARMM version
c35b1 with the CHARMM27 force fields for proteins and lipids (22).
MD simulation methods were similar to those used in previous studies of
membrane systems (19). Briefly, constant temperature/constant pressure
algorithms were applied (with pressure at 1 atm and temperature at 315 K).
Periodic boundary conditions were used for the rectangular system. Electro-
static interactions were treated with the particle-mesh Ewald algorithmwith
a 96 A˚  96 A˚  96 A˚ grid for fast Fourier transform, k ¼ 0.34 A˚1 and a
sixth-order spline interpolation. The nonbonded interactions were smoothly
switched off at 12–14 A˚. Each simulation system was equilibrated for 3 ns
without any configurational constraints. Additionally, to test the stability of
the homology model, we performed an equilibrium MD simulation of 15 nsFIGURE 1 (A) Complete equilibrium MD system and (B) reduced
GCMC/MD system, both for the crystal structure of vSGLT.
Biophysical Journal 101(8) 1887–1895at 345 K. During the length of this simulation the model remained stable,
secondary structure domains were preserved, and the RMSD of the
alpha-carbon atoms plateaued at ~4 A˚.
After the equilibrium MD simulations, GCMC simulations were per-
formed to stably insert water molecules inside the models (23). The general
principles of a GCMC simulation can be explained as follows: GCMC
allows variation of the number of particles in the system, in this case water,
while keeping the chemical potential constant. In our methodology, this is
done in an area of interest that is explicitly treated while the rest of the
system is mapped into a continuous model. In this case, we focused on
the region of the system that is centered on the sugar binding site. Within
the GCMC framework, water molecules are randomly inserted or deleted
following a Metropolis algorithm. Therefore, based on the change in net
free energy after insertion or deletion of a water molecule, the new confor-
mation will be either accepted or rejected.
Only the atoms located within 20 A˚ of the sugar binding site were treated
explicitly. All other atoms in the system were considered implicitly using a
generalized solvent boundary potential (GSBP) (24) generated for each
system. It has been shown that the use of GSBP significantly decreases
the size of the system (in our case from ~40,000 to ~7000 atoms, Fig. 1 B)
while keeping treatment of dynamics in the explicitly treated part of the
system, reasonably accurate (25). After the GSBP maps were generated,
the reduced systems were minimized and equilibrated for 0.5 ns. For
GCMC simulations, models of hSGLT1 and vSGLT transporters were set
to be ligand-free, i.e., neither sugar nor ions were present for the GCMC
cycles. We have used recommended values for acceptance probabilities,
translational and rotational moves, and excess chemical potential of water
molecules (~6 kcal/mol in accordance with data on TIP3P water) (23). A
short Langevin dynamics run of 10 ps was used to relax the protein structure
around an inserted water molecule, thus accounting for local flexibility and
removing steric clashes. Each MC cycle consisted of 100 minimization
steps and it was determined by trial and error that at least 100 MC cycles
needed to be performed for full saturation to be achieved.
To complement our GCMC study, we calculated the potential of mean
force along the water permeation path of vSGLT. To this end, we calculated
the spatial water density (G(x, y, z)) in the simulation box. A 225-ns MD
simulation of the whole system was carried out to sample the position of
water. The trajectory was postprocessed and the three-dimensional water
density was calculated. We used a cubic grid with voxels of 125 A˚3. This
volume corresponds to roughly four-times the volume occupied by a single
water molecule. The cell unit volume was chosen so that it would be
possible to fit two water molecules along the diagonal of a voxel. To calcu-
late the PMF, an algorithm was implemented to find and follow all possible
paths that go from the extracellular side to the intracellular side of the
membrane. We define a path as a collection of continuous voxels with a
density value > 0 that also hold the following conditions: 1), the position
of each voxel in the path changes by one unit in the Z direction toward
the intracellular side, and 2), the difference between the X and Y positions
of two contiguous voxels cannot be larger than one unit cell. Once all
possible continuous paths were identified, the PMF was calculated based
on the average density (G(x, y, z)ave) over all continuous paths as
PMFðzÞ ¼ KT In

Gðx; y; zÞave
Gðx; y; zÞbulk

;
where G(x, y, z)bulk is the average density of the bulk water region along the
path. Because the position in the Z direction of the path increases monoton-
ically by one unit cell, the calculated PMF is effectively the projection of
the three-dimensional PMF along the z axis.Oocyte preparation and injection
Oocytes were surgically removed from X. laevis frogs and were defollicu-
lated as described previously (26). One or two days after defolliculation,
healthy oocytes were injected with 46 nL of water containing mRNA
Water Permeation through SGLTs 1889coding for myc-tagged human SGLT1 (0.1 mg/mL). As shown previously
(26), this N-terminus epitope-tagged version of SGLT1 displays properties
that are indistinguishable from the untagged form.Solutions
Isotonic solutions for volumetric and electrophysiological experiments con-
tained: 67.5 mMNaCl, 3 mMKCl, 0.82 mMMgCl2, 0.74 mMCaCl2, 5 mM
HEPES (pH adjusted to 7.6 with 2 M Tris), and 50 mM mannitol (final
osmolality of 197 mOsm/kg H2O). Hypotonic solutions were obtained by
removing 50 mMmannitol (final osmolality of 147 mOsm/kg H2O. A quan-
tity of 200 mM Pz (Sigma, St. Louis, MD) was directly added to hypotonic
solutions from a concentrated stock solution in ethanol (500 mM). Na-free
hypotonic solution was obtained by replacing 67.5 mMNaCl with 67.5 mM
n-methyl-D-glucamine-Cl (NMDG-Cl) (Sigma). The osmolality of each
solution was controlled within 1 mOsm/kg H2O using a vapor pressure
osmometer (Advanced DigiMatic Osmometer, model 3D2; Advanced
Instruments, Norwood, MA). For all experimental protocols, oocytes
were equilibrated for at least 20 min in isotonic solution to obtain a stable
volume measurement.FIGURE 2 Water permeation pathway through vSGLT (A) and hSGLT1
(B). Hydrophobic plug residues (stick representation). Only relevant water
molecules are shown.Optical and electrophysiological measurement
Water permeability was evaluated by optical measurements on oocytes
challenged with hypotonic media. Details of the procedure are given in
previous publications dealing with SGLT1 and water transport (5,10,27).
Briefly, the experimental chamber (volume of 0.07 ml) was specifically de-
signed to enable rapid solution changes (solution flux of 1.2 ml/min), thus
allowing measurement of rapid changes in oocyte volume. The oocyte was
illuminated from above with a light-emitting diode dipped in the bath solu-
tion and high-contrast images were captured with a charge-coupled device
camera attached to an inverted microscope equipped with a 3 objective.
Oocyte volume was calculated from its cross section measured 30 times/s
with custom-made pixel counting software. Two-microelectrode voltage-
clamp experiments and data acquisition were carried out as described
previously (28). Oocytes were equilibrated for at least 20 min in isotonic
solution before impalement. Once impaled, the appropriate holding poten-
tial was imposed and an isotonic solution was superfused. Both measured
current and volume were allowed to stabilize before the actual trial was
initiated (typically ~5 min). A typical assay is shown later in Fig. 5 A.
Because trans-membrane water movement decreases the local osmotic
gradient, water fluxes decrease with time. In addition to using short time
durations for the different experimental conditions (60 s for each), we cir-
cumvented this problem by bracketing a given experimental condition by
two identical control conditions. For example, in Fig. 5 Awhere the effect
of membrane potential on water permeability was tested, the oocyte was
held at 100 mV, then at 20 mV, and then at 100 mV (corresponding
to experimental conditions pre, exp, and post, respectively). The value for
the swelling rate at 100 mV was taken as the mean of the pre and post
conditions and was compared to the swelling rate measured at 20 mV.
In trials assessing the effect of Na, the term exp corresponded to a
Na-free solution, whereas pre and post were in the presence of 67.5 mM
Na. At the end of each trial, Pz was added to the bath to assess the oocyte’s
expression level. Because water permeability of an individual oocyte
depends upon the level of expression of hSGLT1, paired measurements
were performed. To control for possible effects of external Na or Vm on
the endogenous water permeability, the two protocols were also applied
to noninjected oocytes.
Thewater permeability (Pf) of the oocytewas calculated using the swelling
rate resulting from a hypotonic shock according to the relation (27,29)
Pf ¼ 1
S  nW  Dp
dV
dt
; (1)where S is a standard oocyte surface of 0.4 cm2 (assuming a membrane in-
folding factor of 9) (30), vW is the specific volume of water (18.2 cm
3/mol),
Dp represents the size of the hypotonic shock (50 mOsm in the case of this
study), and dV/dt is the swelling rate (i.e., the slope of the volume versus
time curve).RESULTS
Although sequence homology between vSGLT and hSGLT1
is reasonably high, the spatial localization of water insertion
regions obtained for the two proteins are slightly different.
The GCMC simulations produced a discontinuous water
permeation pathway in vSGLT, displaying a 14 A˚ gap in
the external half of the protein, centered at ~10 A˚ above
the ligand binding site (see Fig. 2 A), while a stable, quasi-
continuous water pathway was readily identified in the
hSGLT1 model (see Fig. 2 B).
The hSGLT1 homology model displays a water perme-
ation pathway extending from the intra- to the extracellular
side. This pathway goes through the intracellular vestibule
and the sugar binding site, but does not follow the putative
substrate pathway in the region between the sugar binding
site and the external face of the cotransporter. If TMBiophysical Journal 101(8) 1887–1895
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ture (where vSGLT’s N-terminal TM segment becomes
TM1, the next becomes TM1, and so forth), the putative
substrate pathway is proposed to go through the extracel-
lular hydrophobic plug formed by TM 1, 2, and 10 (13),
whereas the proposed water permeation pathway found in
the this study runs parallel to this and goes through the
four-helix bundle formed by TM1, 2, 6, and 7 (see Fig. S1
in the Supporting Material).
In this region of hSGLT1, a structural constriction
reduces the permeation pathway to a single-file water chain
followed by a 4.3 A˚ gap of low water density (Fig. 3 B). ThisFIGURE 3 Comparison of the constriction areas in hSGLT1 and vSGLT.
(A) Relevant residues surrounding discontinuity in vSGLT. (B) Hydro-
phobic residues surrounding the 4.3 A˚ gap in the hSGLT1-mediated water
pathway. (C) Sequence alignment of TM2 and TM6E. (Shading) Conserved
residues; (solid) relevant residues for this work. Adapted from Faham et al.
(13). Transmembrane segments are numbered according to LeuT nomen-
clature.
Biophysical Journal 101(8) 1887–1895gap may indicate the presence of a structural barrier to the
formation of a continuous water permeation pathway across
hSGLT1. The barrier is formed by a specific group of resi-
dues, namely: Phe-101, Ala-105 (TM2), Met-283, Leu-
286, Thr-287 (TM6E), and Gln-455 (TM10). Examination
of water-insertion zones suggests that this water-depleted
region is not due to possible steric clashes, because suffi-
cient space to accommodate additional water molecules
was found to be available.
Similar to the results of MD and GCMC/MD simulations
done on hSGLT1, the equilibrated vSGLT structure exhibits
hydration of the intracellular and extracellular vestibules.
However, only part of the extracellular-side pathway found
in the hSGLT1 system is conserved (Fig. 2 A). The structure
of vSGLT cannot accommodate stable water molecules in
the general area corresponding to the constriction zone
found in hSGLT1. Comparison with the constriction found
in hSGLT1 allowed identification of the relevant residues
of vSGLT in or around this discontinuity: Tyr-87 (TM2),
Ala-259 (TM6E), Gln-425, Gln-428 (TM10), Phe-479,
and Met-483 (TM12) (see Fig. 3 A).
To further characterize the proposed water permeation
pathway, we calculated the PMF of water going from one
side of the membrane to the other. We followed the method-
ology described in Methods, above. The implemented meth-
odology is based on extensive (225 ns) MD sampling of the
position of water, to estimate the spatial water density. It is
generally accepted that results from rather long MD simula-
tions of homology models are not sufficiently reliable to
draw strong conclusions about the structure or function of
proteins. Therefore, we limited the calculation of PMF to
the available crystal structure of vSGLT. The obtained
PMF is shown in Fig. 4. A single barrier of 7.7 kcal mol1
is observed at approximately the center of the membrane.
The position coincides with the dry zone observed in theFIGURE 4 Potential of mean force (PMF) profile for vSGLT. Values
were projected onto the z axis, which is defined as being perpendicular to
the membrane. Origin of z axis corresponds roughly to the substrate binding
zone. The PMF profile is superimposed onto a surface representation of the
water density and a silhouette representation of vSGLT, using the same
general orientation as shown in Fig. 3 A.
Water Permeation through SGLTs 1891GCMC calculation. However, more exhaustive sampling
shows that the water permeation path can be indeed contin-
uous. The value of the calculated energy barrier is in very
good agreement with the activation energies of 9 5 1 and
5 5 1 kcal mol1, which have been measured in the pres-
ence of Na and absence of sugar for rabbit SGLT1 (3,6).
The proposed structure for the water pathway of Na/
glucose cotransporters was obtained in the single conforma-
tional state presently available for vSGLT (inward-facing
galactose-bound configuration). To assess the relevance of
the identified water pathway during the different conforma-
tional states reached during cotransport, we measured
hSGLT1 water permeability in the presence or absence of
extracellular Na and at different membrane potentials. In
the absence of substrate, hSGLT1 cannot go through a full
cotransport cycle. Thus, by controlling membrane poten-
tial (Vm) and extracellular Na concentration, three dis-
tinct conformational states can be assessed: inward-facing
(IF), outward-facing (OF), and outward-facing Na-bound
(OFþNa).Using recent kineticmodels proposed for hSGLT1
based on pre-steady-state currents (28), we can assess the
probabilities of occupation for each state during experi-
mental trials.
In the presence of external Na and with a Vm of 50 mV,
the transporters are distributed between IF state (24%), OF
state (56%), and OFþNa (20%) conformations. When extra-
cellular Na is replaced by NMDG, the Na-bound state redis-
tributes almost equally into the IF state (34%) and the OF
state (66%). This is associated with a significant increase
in the total Pf of hSGLT1-expressing oocytes (p < 0.0001,
n ¼ 10). However, a significant increase was also seen in
noninjected oocytes (p < 0.01, n ¼ 6) (see Fig. 5 B). Sub-
tracting the Pf measured for noninjected oocytes from the
Pf measured for hSGLT1-expressing oocytes, the effect of
replacing external Na remains statistically significant for
the hSGLT1-specific component (a specific Pf of 1.8 5
0.3  104 cm s1 in the presence of 67.5 mM Na and a
specific Pf of 2.2 5 0.4  104 cm s1 in the absence of
Na (p ¼ 0.03, n ¼ 10 paired measurements, see Fig. 5 D).
The direction of this change also suggests that the Na-free
states (OF and IF) are more permeable than the Na-bound
state (OFþNa). At 100 mV in the presence of Na, 74%
of the cotransporters are found in the OFþNa state. If Vm
is brought to 20 mV, 49% of the cotransporters adopt
the IF state whereas only 5% remains in the OFþNa state.
As shown in Fig. 5 C, changing membrane potential from
20 to 100 mV produces a significant reduction in the Pf
of hSGLT1-expressing oocytes that is not seen with nonin-
jected oocytes. To obtain hSGLT1-specific membrane
permeability, it is necessary to subtract the water perme-
ability of control (noninjected) oocytes under the same
conditions. Fig. 5 D shows that the Pf specifically associated
with hSGLT1 goes from 2.1 5 0.2  104 cm s1 at
100 mV to 3.2 5 0.3  104 cm s1 at 20 mV. The
difference is statistically significant (p < 0.001, n ¼ 13paired measurements) and suggests that the Na-free config-
urations (OF and IF) are more water-permeable than the
Na-bound configuration (OFþNa). Nevertheless, the fact
that a very significant water permeability is still present
when 74% of the transporter is estimated to be in the
outward and Na-bound state (when Vm is 100 mV in the
presence of Na) suggests that the Na-bound and Na-free
conformational states are all water-permeable.
Finally, comparison of the swelling rates measured in
the presence and absence of Pz, i.e., pz and post periods in
Fig. 5 A, shows that hSGLT1-mediated water permeability
accounts for 345 2% (mean5 SE, n ¼ 23) of total water
permeability, in agreement with previously published results
(2,5,6). As expected, noninjected oocytes showed no
Pz-sensitive water permeability.DISCUSSION
We have used the crystal structure of vSGLT to build a ho-
mology model for hSGLT1 and we have identified, in both
structures, a pathway through which water molecules could
diffuse and account for the passive water permeability that is
recognized for human and rabbit SGLT1 as well as for
several other Na/coupled cotransporters (10,11).
Using GCMC, we have found that up to 208 water mole-
cules could be stably inserted into each structure. Half of
these water molecules were found to form a single pathway
that extends for 40 A˚ and connects the intracellular and
extracellular milieu. Interestingly, for both vSGLT and
hSGLT1, this pathway is interrupted between the sugar
binding site and the extracellular solution. For vSGLT
and hSGLT1, the interruptions extend for 14 A˚ and 4 A˚,
respectively. PMF calculations confirm the presence of a
energy barrier that corresponds exactly to the positions
where GCMC could not insert energetically stable water
molecules.
Experimentally, because of its poor expression level in
oocytes (14), it is not known whether vSGLT has a measur-
able water permeability. (In contrast, the water permeability
of human and rabbit SGLT1 is easy to measure because a
large fraction of the total water permeability is inhibited
by Pz in oocytes expressing these proteins (5,6).) What is
also not known is whether the state that corresponds to the
crystal structure of vSGLT (inward-facing galactose-bound)
is water-permeable. The passive water permeability was
shown to be constant in the presence or absence of substrate
(5,31), but there is no consensus on what is the most
populated conformational state of the cotransporter in the
presence of a large sugar concentration.
Recent MD articles have shown that the vSGLT crystal
structure is somewhat unstable, as both Na and galactose
are found to leave their respective binding sites within
9 ns of simulation for Na (32–35) and 110 ns for galactose
(32,34). In a recent article from Choe et al. (32), the release
of galactose is accompanied by a ~3.5-fold increase ofBiophysical Journal 101(8) 1887–1895
FIGURE 5 Volumetric and electrophysiological assays. (A) Typical
assay for the effect of membrane potential. The oocyte was first stabilized
in hypotonic solution (experimental condition iso). Hypotonic media were
then superfused, while the Vm was held at 100 mV, then at 20 mV, and
then at100 mV (experimental conditions pre, exp, and post, respectively).
Finally, the oocyte was exposed to Pz to assess the level of hSGLT1 expres-
sion (experimental condition Pz). Fitting of the different swelling rates
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that the inward-facing substrate-free configuration is signif-
icantly more water-permeable than the original crystal
structure of vSGLT. It is thus possible that a modest change
in the structure of the water pathway between the sugar
binding site and the extracellular solution could decrease
the calculated energy barrier quite significantly. For
example, reorientation of residues Tyr-87 (TM2), Ala-259
(TM6E), Gln-425, Gln-428 (TM10), Phe-479 or Met-483
(TM12) for vSGLT and Phe-101, Ala-105 (TM2), Met-
283, Leu-286, Thr-287 (TM6E), or Gln-455 (TM10) for
hSGLT1 could produce significant changes to the pathway.
In an effort to see whether the passive water permeation
pathway identified for the inward-facing configuration
could apply to different conformational states, we assessed
hSGLT1-dependent water permeability under different
experimental conditions. We found that replacing Na by
NMDG led to a small increase in water permeability, sug-
gesting that the Na-free conformations (IF and OF) were
more water-permeable than the Na-bound (OFþNa) config-
uration. This was pursued by changing membrane potential
in the presence of Na. Based on Gagnon et al. (28), at a
membrane potential of 100 mV, the pre-steady-state
charge translocation indicates that 74% of the cotransporters
are in the OFþNa configuration. The fact that hSGLT1-
dependent Pf is only decreased by 34% (with respect to a
Vm of 20 mV) confirms that the OFþNa configuration
exhibits a significant Pf, though it is smaller than that of
the Na-free configurations.
A different conclusion regarding the effect of Na has
previously been reported by Loike et al. (2), who found
that removal of extracellular Na abolished the water perme-
ability mediated by rabbit SGLT1. In contrast to our exper-
iments, their oocytes were preincubated in sodium-free
solution for a much longer time period (30 min) than in
the this study (1 min). In addition, because the swelling
rate was measured for 45 min, the difference in the average
swelling rates between Na-containing and Na-free solutions
becomes visible only after 10 min. We interpret these results
as indicating that Na has only a minor influence on hSGLT1
water permeability (no measurable initial effects) but that(superimposed light-shaded lines) allowed calculation of the water perme-
ability. A similar protocol was used to study the effect of the presence or
absence of external Na. (B) Effect of presence of sodium on measured water
permeability. Mean of measured water permeabilities for hSGLT1-injected
oocytes (n ¼ 10) and noninjected oocytes (n ¼ 6) (solid squares, mean5
SE) superimposed on paired measurements for individual oocytes (light-
shaded lines). (C) Effect of membrane potential on measured water perme-
ability. Mean of measured water permeability for hSGLT1-injected oocytes
(n ¼ 13) and noninjected oocytes (n ¼ 7) (solid squares, mean 5 SE)
superimposed on paired measurements for individual oocytes (light-shaded
lines). (D) hSGLT1-dependent water permeability (mean 5 SE). The
effects of both Vm and of Na are statistically significant (p < 0.001, n ¼
13 paired measurements and p¼ 0.03, n¼ 10 paired measurements, respec-
tively). *Statistical significance. See text for full details.
Water Permeation through SGLTs 1893prolonged exposure of oocytes to Na-free conditions pro-
duces secondary effects that affect water permeability in
some other manner. In summary, although Na-free configu-
rations are slightly more water-permeable than the outward-
facing Na-bound configuration, both states are permeable
and the identified water pathway seems to maintain some
of its function in the different conformations of the
transporter.
Over the past several years, different mechanisms have
been proposed concerning the means by which SGLT1-
mediated glucose cotransport can stimulate water flux.
Three different views have been proposed to explain the
apparent coupling between glucose and water transport:
the water cotransport hypothesis (9,10,36); the middle com-
partment hypothesis (37,38); and the local osmotic gradient
hypothesis (5,11,12). Although glucose was not involved in
the numerical simulations presented above, the localization
of stable water molecules in the cotransporter can shed new
light on this issue.
The first view suggests that water is physically cotrans-
ported (i.e., active pumping) with Na and glucose, with re-
ported stoichiometries of >200 and >380 water molecules
per glucose molecule for hSGLT1 and rabbit SGLT1,
respectively (9,10,36). According to this hypothesis, when
hSGLT1 is expressed in an oocyte, the initial water flux
observed (in the first 2 min) is due to water cotransport
and, as an osmotic gradient progressively builds, the
steady-state water movement becomes mediated (in equal
parts) by water cotransport, passive water transport through
the hSGLT1 water permeability, and passive water transport
through the oocyte endogenous water permeability. Explain-
ing the putative water cotransport with the alternating access
mechanism would require the presence of an intramolecular
cavity capable of accommodating two Na, one glucose, and
at least 380 water molecules. This cavity would first need to
be open to the extracellular side to fill up with water mole-
cules. After conformational change, the filled cavity would
pinch off from the extracellular side and open to the intracel-
lular side. Then the cavity would need to reduce its volume
to expel 380 water molecules to the intracellular side.
Finally, it would need to somehow return to its initial state
with minimal backward water movement. Our observation
that hSGLT1 can accommodate only 98 water molecules
in the entire pathway (as shown in Fig. 2 B) makes it very
unlikely that a cavity at least four-times larger could exist
in any of the configurations adopted by this cotransporter.
In a recent article, Choe et al. (32) reported that, during a
200-ns molecular dynamics simulation based on the vSGLT
crystal structure, galactose would spontaneously exit its
binding site and forces a net flux of 70–80 water molecules
toward the intracellular milieu. The authors suggest that the
galactose molecule would play the role of a Brownian
piston. Although this tends to support the water cotransport
hypothesis, the interpretation given by the authors should be
taken with caution:First, it would be difficult to scale-up this efflux of 70–80
water molecules per glucose in vSGLT to account for the net
movement of >380 water molecules per glucose in the case
of rabbit SGLT1.
Second, examination of the net count of transported
water molecules during the 200-ns simulation (see Fig. 2
of Choe et al. (32) shows that the net flux is only transient.
The 70–80 water molecules entering the intracellular space
within 60 ns after galactose release are compensated for by
a net flux in the opposite direction during the next 50 ns.
Thus, we disagree that this observation can be used to
support or disprove the secondary active water transport
hypothesis.
The two other theoretical frameworks propose passive
water permeation mechanisms that are driven by trans-
port-dependent osmotic gradients:
One passive mechanism is based on a three-compartment
model that was originally proposed to explain isosmotic
trans-epithelial water transport. In this model, solutes are
transported into a middle compartment (possibly the inter-
cellular space in the original context) where some local
hypertonicity develops and drives water flux from the apical
milieu to the middle compartment. The water displacement
produces an increase in the middle compartment pressure,
which drives the solution toward the basolateral side of
the epithelium. This model has been proposed to apply to
the cotransporter-mediated water flux (37,38), which raises
significant difficulties. The original three compartment
model needs to be downscaled by four orders of magnitude,
and it is unclear how any significant osmotic gradient could
be maintained within distances of ~20 A˚. Also, no middle-
compartment could be observed inside the available crystal
structure of vSGLT or in the homology model for hSGLT1.
A second passive mechanism suggests that an osmotic
gradient is created by cotransport flux into the intracellular
unstirred layer (5,11,12). This hypothesis is the simplest
default hypothesis, assuming only that the cotransporter
molecule exhibits a passive permeation pathway for water.
This hypothesis is supported by the fact that a transmem-
brane osmotic gradient of the adequate amplitude was
experimentally detected as soon as 20 s after initiating the
cotransport mechanism. Once the osmotic gradient is set
up, water flow occurs through all available water permeation
pathways including the passive pathway through the co-
transporter itself. The water distribution within the cotrans-
porter molecule that was revealed in this study is consistent
with this view of glucose-driven water transport. The path-
ways observed through the vSGLT crystal structure and the
hSGLT1 homology model displayed constriction zones
characterized to different extents by both GCMC and PMF
calculations. PMF calculations along the identified water
permeation pathway displayed a reasonable energy barrier
that would allow the passive transport of water and is fully
consistent with the experimental data obtained on rabbit
SGLT1 (3,6).Biophysical Journal 101(8) 1887–1895
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The recent crystallization of vSGLTallowed investigation of
the structural basis for water permeation through both
vSGLT and the homologous hSGLT1 using GCMC/MD
simulations and PMF calculations. Insertion of stable water
molecules in both vSGLT and hSGLT1 identified water
permeation pathways from the intracellular to extracellular
milieu. These pathways comprise ~100 water molecules in
the protein interior and display constriction zones between
the sugar binding site and the extracellular space. This
provides a structural basis for the passive water permeability
associated with SGLT1, and makes the water cotransport
hypothesis very difficult to rationalize. PMF calculations
for water permeation through the crystal structure of vSGLT
reveal the presence of a ~8 kcal mol1 energy barrier, in
good agreement with previous measurements on rabbit
SGLT1. Volumetric and electrophysiological measurements
performed on hSGLT1 show that the conformational state in
which vSGLT was crystallized is water-permeable, and
suggests that the identified water permeation pathway is
also present in other conformations.SUPPORTING MATERIAL
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